Aim: To investigate whether sphingosine-1-phosphate (S1P), a potent angiogenic factor, induced vascular endothelial growth factor-C (VEGF-C) expression in endothelial cells in vitro and to examine its underlying mechanisms. Methods: Human umbilical vein endothelial cells (HUVECs) were examined. VEGF-C mRNA expression in the cells was assessed using real-time PCR. VEGF-C protein and FGFR-1 phosphorylation in the cells were measured with ELISA. RNA interference was used to downregulate the expression of matrix metalloproteinase-2 (MMP-2), fibroblast growth factor-1 (FGF-1) and FGF receptor-1 (FGFR-1). Results: Incubation of HUVECs with S1P (1, 5, and 10 μmol/L) significantly increased VEGF-C expression. The effect was blocked by pretreatment with the MMP inhibitor GM6001 or the FGFR inhibitor SU5402, but not the EGFR inhibitor AG1478. The effect was also blocked in HUVECs that were transfected with FGFR-1 or MMP-2 siRNA. Furthermore, incubation of HUVECs with S1P (5 μmol/L) significantly increased FGFR-1 phosphorylation, which was blocked by GM6001. Moreover, knockdown of FGF-1, not FGF-2, in HUVECs with siRNAs, blocked S1P-induced VEGF-C expression. Conclusion: S1P induces VEGF-C expression through a MMP-2/ FGF-1/FGFR-1-dependent pathway in HUVECs.
Introduction
Sphingosine-1-phosphate (S1P) is a low molecular weight lysophospholipid (LPL) composed of a sphingoid backbone and a phosphate group. It is a normal constituent of human plasma and serum, and its respective levels in plasma and serum are approximately 190 and 480 pmol/mL [1] . S1P acts as an extracellular regulator by binding to 5 different G-proteincoupled S1P receptors, S1P [1] [2] [3] [4] [5] (formerly EDG-1, EDG-5, EDG-3, EDG-6, and EDG-8), to regulate multiple biological processes, # These authors contributed equally to this work. * To whom correspondence should be addressed. including cell proliferation, migration, apoptosis, calcium homeostasis, angiogenesis, and vascular maturation [2] . The progression of angiogenesis is regulated by various growth factors, such as vascular endothelial growth factors (VEGFs), fibroblast growth factors (FGFs), platelet-derived growth factors (PDGFs), an giopoietins, hepatocyte growth factor (HGF), and insulin-like growth factors (IGFs) [3] . Among these stimulators, VEGF-C has been characterized as an angiogenic and lymphangiogenic growth factor [4] , and has been shown to regulate these processes through binding to VEGF receptors (VEGFR) 2 and 3. S1P is known to be a potent angiogenic factor that regulates endothelial cell proliferation, migration, and differentiation. S1P has been shown to induce human umbilical vein endothelial cell (HUVEC) tube forma-www.chinaphar.com Chang CH et al Acta Pharmacologica Sinica npg tion both in vitro and in vivo [5] . Furthermore, neutralization of extracellular S1P significantly inhibits angiogenesis, tumor growth, and metastasis [6] , suggesting that S1P is an important regulator of angiogenesis. However, the role of S1P in VEGF-C expression in endothelial cells has not been investigated.
In the present study, we demonstrated that S1P enhances VEGF-C mRNA and protein expression in HUVECs and these enhancement effects were mediated through matrix metalloproteinase-2 (MMP-2), FGF-1, and FGFR-1.
Materials and methods
Reagents S1P, fatty acid-free bovine serum albumin (BSA), collagenase I, and gelatin were purchased from Sigma-Aldrich (St Louis, MO, USA). Medium 199 and fetal bovine serum (FBS) were purchased from Hyclone (Logan, UT, USA), and endothelial growth medium (EGM) was purchased from Cell Application (San Diego, CA, USA). Trypsin-EDTA was purchased from Gibco BRL (Grand Island, NY, USA). Penicillin and streptomycin were purchased from Invitrogen (Carlsbad, CA, USA). AG1478 and GM6001 were purchased from Calbiochem (La Jolla, CA, USA). Human recombinant FGF-2 was obtained from R&D Systems (Minneapolis, MN, USA). FGFR-1 (L-003131-00-0005) and FGF-2 (L-006695-00-0005) small interfering (si)RNAs were obtained from Thermo Scientific Dharmacon (Lafayette, CO, USA). MMP-2 (sc-29398) and control siRNAs (sc-37007) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The HUVEC electroporation kit (VPB-1002) was purchased from Amaxa (Gaithersbug, MD, USA). The sequence of FGF-1 short-hairpin (sh)RNA (TRCN0000222593) for targeting the endogenous gene was 5′-CCTGATAACAAGCAAGGATAT-3′, and it was obtained from the National RNAi Core Facility Platform of Academia Sinica (Taipei, Taiwan, China).
Cell culture
HUVECs were isolated from fresh umbilical cords using 0.1% collagenase I (Sigma) in cord buffer (136.9 mmol/L NaCl, 4 mmol/L KCl, 10 mmol/L HEPES, and 11.1 mmol/L glucose at pH 7.65) in a 37 °C incubator for 20 min. After elution, HUVECs were collected by centrifugation and cultured on 1% gelatin-coated 10-cm plates containing M199 supplemented with 20% (v/v) FBS, 20% (v/v) EGM, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells underwent one passage weekly and were subcultured after trypsinization. Cells from passages 2-4 were used in these experiments.
Determination of FGFR-1 phosphorylation using enzyme-linked immunosorbent assay (ELISA) Levels of phosphorylated FGFR-1 were measured using the phospho-FGFR-1 kit (R&D Systems) following the manufacturer's instructions. Briefly, serum-starved HUVECs were pretreated with GM6001, followed by S1P (1 μmol/L) or FGF-2 (20 ng/mL) treatment for 1 min. Cells were lysed in lysis buffer containing 1 mmol/L activated sodium orthovanadate, 10 μg/mL aprotinin, and 10 μg/mL leupeptin. Cell lysates were centrifuged at 2000×g for 5 min, and the supernatants were transferred into clean Eppendorf tubes. Before use, sample protein concentrations were quantified using the Bradford assay. The capture antibody specific for phosphorylated FGFR-1 was pre-coated on the ELISA plates and phospho-FGFR-1 levels were detected by the addition of a detection antibody. The optical density of each well was immediately determined using a microplate reader set to a wavelength of 450 nm.
Determination of VEGF-C protein expression using enzyme-linked immunosorbent assay (ELISA) HUVECs were treated with S1P for 8 h. The conditioned medium was collected and VEGF-C levels were measured using a human VEGF-C ELISA kit (R&D Systems) following the manufacturer's instructions. In brief, the capture antibody specific for VEGF-C was pre-coated on the ELISA plates and VEGF-C levels were detected by the addition of a detection antibody. The optical density of each well was immediately determined using a microplate reader set to a wavelength of 450 nm.
siRNA and shRNA electroporation HUVECs were transfected with siRNA using a nucleofector apparatus and HUVEC transfection kit (Amaxa Biosystems, Cologne, Germany). Electroporation procedures were followed by an optimization protocol for HUVECs, and the V-01 program of the nucleofector apparatus was used for transfection. HUVECs were trypsinized and collected by centrifugation. Cells (5×10 5 ) were resuspended in 100 μL of supplemented HUVEC Nucleofector TM solution (Amaxa Biosystems) and electroporated with 30 pmol siRNA or shRNA. Transfected cells were then seeded in 6-well plates, and used after overnight incubation.
RNA isolation and reverse transcription (RT)
Total RNA was extracted from HUVECs using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Complementary DNA (cDNA) was synthesized with 1 μg total RNA using the Toyobo RT-polymerase chain reaction (PCR) kit (Toyobo, Osaka, Japan).
Real-time PCR
Real-time PCR was performed using the iCycler iQ real-time detection system (Bio-rad, Hercules, CA, USA) with SYBRGreen I (Thermo, Rockford, IL, USA) as the fluorescent dye, which enabled real-time detection of PCR products according to the manufacturer's protocol. Gene-specific primers were used, and the specificity was confirmed by meltingcurve detection following real-time PCR. Cycling conditions were 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. For quantification, the target gene was normalized to the GAPDH internal standard gene. Primers for real-time PCR were as follows: human GAPDH (5′-AAGGTGAAGGTCGGAGTC-3′ and www.nature.com/aps Chang CH et al Acta Pharmacologica Sinica npg 5′-TGTAGTTGAGGTCAATGAAAGG-3′), VEGF-C (5′-CACA-CTTCCTGCCGATGC-3′ and 5′-GTTCGCTGCCTGACACTG-3′), MMP-2 (5′-TTGGTGGGAACTCAGAAGG-3′ and 5′-CACT-TGCGGTCATCATCG-3′), FGFR-1 (5′-AGATCCGGTCAAAT-AATGCC-3′ and 5′-CCTGGTGACAGAGGACAATG-3′), FGFR-2 (5′-AACGGGAAGGAGTTTAAGCA-3′ and 5′-CTTGT-CAGATGGGACCACAC-3′), FGFR-3 (5′-AGGCCATCGGCA-TTGACA-3′ and 5′-GCATCGTCTTTCAGCATCTTCAC-3′), FGFR-4 (5′-GTGTGTACACCCGGTCAAAC-3′ and 5′-GCGTC-CACCACATTGACTAC-3′), FGF-1 (5′-GATGGCACAGTGGA-TGGGAC-3′ and 5′-AAGCCCGTCGGTGTCCATGG-3′), and FGF-2 (5′-GCTCTTAGCAGACATTGGAAG-3′ and 5′-GTGTGTGCTAACCGTTACCT-3′).
Statistical analysis
All experiments were repeated at least three times. Significant differences between treatment groups were analyzed by analysis of variance (ANOVA) (Statview, Abacus Concept, Berkeley, CA, USA). A P value of <0.05 was considered statistically significant.
Results

S1P induces VEGF-C mRNA and protein expression in HUVECs
Our previous studies found that lysophosphatidic acid (LPA) enhances the expression of VEGF-C in HUVECs [7, 8] . We further investigated if S1P, a lysophospholipid with similar structure and functions as LPA, also upregulates VEGF-C expression in endothelial cells. Cells were serum-starved for 12 h in M199 medium, followed by S1P treatment for 4 h at the indicated concentrations. It was observed that S1P upregulated VEGF-C mRNA expression in HUVECs in a concentrationdependent manner ( Figure 1A) . Induction of VEGF-C mRNA expression was observed at 1 μmol/L S1P and it peaked at 5 μmol/L, with sustained effect at 10 μmol/L. Next, we investigated whether S1P-upregulated VEGF-C mRNA expression was time-dependent. HUVECs were incubated with 5 μmol/L S1P for the indicated time intervals. Enhanced VEGF-C mRNA expression in HUVECs was observed as early as 2 h after S1P treatment and it peaked at 4 h, after which the enhancement effect declined ( Figure 1B ). Since VEGF-C mRNA levels increased with S1P treatment, we also investigated if the elevated VEGF-C mRNA levels correlated with protein expression. Total VEGF-C protein levels in HUVECs were detected by ELISA. Our results showed that S1P upregulated VEGF-C protein expression in a concentration-and time-dependent manner ( Figure 1C, 1D) , consistent with realtime PCR results. These results indicated that S1P enhances VEGF-C mRNA and protein expression in HUVECs. S1P-induced VEGF-C expression in HUVECs is mediated by an MMP-2-dependent pathway MMP-2 is an important regulator of angiogenesis. In addition, S1P enhances MMP-2 activity in HUVECs [9] . Our previous study demonstrated that S1P-induced HUVEC tube formation was blocked on treatment with an MMP inhibitor and MMP-2 siRNA. Therefore, we further investigated whether MMP-2 is involved in S1P-induced VEGF-C expression. Pretreatment with GM6001 (10 μmol/L), a broad-spectrum MMP inhibitor, significantly suppressed S1P-induced VEGF-C expression in (Figure 2A ). To further identify the involvement of MMP-2 in VEGF-C induction, cells were transfected with specific or scrambled MMP-2 siRNA by electroporation, followed by treatment with S1P for 4 h. We found that MMP-2 mRNA expression was knocked down by MMP-2 siRNA in transfected cells ( Figure 2B ). In addition, S1P-induced VEGF-C mRNA and protein expression was suppressed in MMP-2 knockdown HUVECs ( Figure 2C, 2D ). In particular, there was inconsistency in VEGF-C induction because of the effects of electroporation and different patient sample batches. These results suggest that S1P-upregulated VEGF-C expression is mediated by an MMP-2-dependent pathway.
S1P-induced VEGF-C expression in HUVECs is mediated by FGFR-1 transactivation
We previously demonstrated that EGFR transactivation was involved in LPA-induced lymphangiogenesis [8] . Here we examined whether EGFR also participates in S1P-induced VEGF-C expression. Two receptor inhibitors, AG1478 and SU5402, which respectively are EGFR and FGFR tyrosine kinase inhibitors, were used. We observed that pretreatment with SU5402 (5 μmol/L) for 1 h significantly suppressed S1P-induced VEGF-C expression in HUVECs ( Figure 3A) . In contrast, treatment with AG1478 (100 nmol/L) had no effect on S1P-induced VEGF-C expression ( Figure 3A ). This result indicated that S1P-induced VEGF-C expression is FGFR dependent. We next determined the expression profiles of FGFRs (FGFR-1-4) in HUVECs using real-time PCR. FGFR-1 was expressed at the highest levels followed by FGFR-4 and FGFR-3, whereas FGFR-2 was undetectable ( Figure 3B ). Since FGFR-1 expression had the highest level among FGFR family members in HUVECs, the extent of involvement of FGFR-1 was further investigated. Cells were first transfected with specific or scrambled FGFR-1 siRNA, followed by treatment with 5 μmol/L S1P for 4 h. Real-time PCR results revealed that FGFR-1 expression was knocked down by transfection with FGFR-1 siRNA in HUVECs ( Figure 3C ). Moreover, S1P-induced VEGF-C mRNA and protein expression was significantly suppressed in FGFR-1-knockdown HUVECs ( Figure  3D, 3E) . These results demonstrated that S1P-enhanced VEGF-C expression in HUVECs was mediated by FGFR-1.
S1P induces FGFR-1 phosphorylation in HUVECs
Since S1P-induced VEGF-C expression was FGFR-1 dependent, we further investigated whether S1P activates FGFR-1. Using an FGFR-1-phospho ELISA, we showed that S1P induced FGFR-1 phosphorylation in a time-dependent manner. Phosphorylated FGFR-1 levels peaked at 1 min, with a sustained effect at 5 min after treatment with 5 μmol/L S1P ( Figure 4A ). We next investigated whether MMPs play a role in S1P-enhanced FGFR-1 phosphorylation. Cells were pretreated with GM6001 (10 μmol/L) for 1 h, followed by treatment with S1P (5 μmol/L) for 1 min. The results showed that S1P-induced FGFR-1 phosphorylation was suppressed by pretreatment with GM6001 in HUVECs ( Figure 4B ). FGF-2-stimulated FGFR-1 phosphorylation was used as a positive control. These findings revealed that S1P induces FGFR-1 activation, and MMP might be an essential upstream signal in FGFR-1 transactivation. As mentioned above, we showed that S1P-induced VEGF-C expression is mediated by FGFR-1. We then determined which FGFs participate in the signaling pathway. HUVECs have been shown to express FGF-1, -2, -5, -7, -8, -11, -12, -16, and -18 [10] . Since FGF-1 subfamilies are known to have angiogenic properties, we investigated whether FGF-1 and -2 are involved in transactivation. Treatment with FGF-1 shRNA or FGF-2 siRNA was effective in transfected cells ( Figure 5A , 5B), and S1P-induced VEGF-C mRNA expression was suppressed by introducing FGF-1 shRNA, but not by FGF-2 siRNA (Figure 5C, 5D ). These results suggest that S1P-induced VEGF-C expression is mediated by an FGF-1-dependent pathway.
Discussion
Our previous studies reported that LPA, an LPL with a similar structure and function as S1P, enhanced VEGF-C and lymphatic marker expression through EGFR transactivation in HUVECs [7, 8] . However, our findings clarified a new S1P-mediated signaling pathway, different from the one mediated by LPA. We found that S1P-induced VEGF-C expression was dependent on the MMP-2, FGF-1, and FGFR-1 transactivationdependent pathway.
It was found that the G-protein-coupled receptor-mediated EGFR transactivation pathway is MMP dependent [8, 11] . MMPs are zinc-dependent endopeptidases that degrade and regulate many other components of the extracellular matrix (ECM). Importantly, MMPs play key roles in endothelial cell migration and ECM remodeling during angiogenesis [12] . They are known to mobilize growth factors by releasing them from the degraded matrix, and hence, modulate multiple cell behaviors [13] . For instance, MMPs mobilize and activate VEGF by releasing VEGF-binding ECM proteins [14, 15] , and also catalyze proteolysis of heparan-sulfate proteoglycan to release FGF-2 in endothelial cells [16] . Previous studies also showed that MMP-2 levels and its enzymatic activities were upregulated by LPLs in endothelial cells [9, 17] . These studies indicated that LPLs may play important roles in endothelial cell invasion by regulating MMP-2 expression. Here we demonstrated that MMP-2 inhibition abrogated S1P-induced VEGF-C expression in HUVECs. These findings suggest that MMP-2 may be activated by S1P in human endothelial cells, thus promoting angiogenesis.
FGFs are a family of heparin-binding growth factors. To date, 23 structurally related members of the FGF family have been identified [18] . Among them, the FGF-1 subfamily, including FGF-1 and FGF-2, is the most extensively studied and known for its angiogenesis activity [19] . FGF-1 and -2 exert a broad range of proangiogenic activities through binding to high-affinity tyrosine kinase FGFRs on the endothelial cell surface. FGFR-1 is abundantly expressed on endothelial cells in vitro and in vivo [10, 20, 21] , consistent with our results. It triggers cell proliferation and migration as well as protease [20] . Blockade of FGFR-1 activity has been shown to inhibit tumor development, angiogenesis, and invasion [22] . In addition, FGFR-1 vaccination was also shown to inhibit the growth of tumors in a mouse model [23] . These studies suggested that signaling through FGFR-1 is critical for regulating endothelial cellular functions that contribute to vessel maturation, thus facilitating tumor progression. Based on our study, we concluded that FGFR-1 might be essential for S1P's upregulation of VEGF-C expression. Although our result showed FGFR-3 and -4 had relatively low expression levels, their possible effects on S1P-induced VEGF-C expression require further investigation.
A previous study showed that FGF-2 stimulates both angiogenesis and lymphangiogenesis in a mouse cornea model [24] . Furthermore, incubation of endothelial cells with FGF-1 leads to microvascular branching and angiogenesis [25, 26] . They have also been demonstrated to play a role in regulating blood vessel growth in many pathological conditions by interacting with VEGFs [27, 28] . FGFs bind to heparan sulfate glycosaminoglycan chains attached by the heparan sulfate proteoglycans (HSPGs), which are expressed on ECM of endothelial cells [29] . In particular, HSPGs on the cell surface act as a reservoir for FGF-2 [30] , which is released in an active form when its binding to ECM is degraded by cellular heparanase [31] . It has been reported that FGF-2 can be released from the ECM by MMP-2, thus facilitating cell viability [32] . Although most studies focused on FGF-2 and its regulation of binding to ECM, FGF-1 may have similar behaviors to FGF-2. In the present study, we demonstrated that S1P-induced VEGF-C expression depends on FGF-1, and this effect may be caused by MMP-2 activation. However, details of the signaling pathway still need to be further investigated.
In conclusion, this study demonstrated transactivation of S1P enhanced VEGF-C expression in endothelial cells. Our study also clarifies the role of FGFR-1, which participates in S1P-induced VEGF-C expression, and that transactivation is mediated by MMP-2 and FGF-1. 
